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O ptical isolators are nonreciprocal photonic devices that allow light propagation in only one direction. By breaking time-reversal symmetry, degeneracy of forward and backward propagating photonic modes is lifted, enabling nonreciprocal wave propagation. 1, 2 Time-reversal symmetry is typically broken using magneto-optical (MO) materials whose permittivity tensor has nonvanishing off-diagonal components, such as yttrium iron garnet (YIG, Y 3 Fe 5 O 12 ) and cerium-doped YIG (Ce:YIG, Ce 1 Y 2 Fe 5 O 12 ). 3−5 In particular, Ce:YIG is considered to be a promising isolator material for 1550 nm wavelength given its large MO figure of merit, defined as Faraday rotation divided by optical absorption, and on-chip optical isolators made out of Ce:YIG have been demonstrated by several groups. 6−11 Although these demonstrations represent an important step toward on-chip optical isolation, it is mandatory that both MO material/device integration technology and MO film quality (in terms of MO figure of merit, FOM) are further improved to fulfill the demanding requirements of photonic integration.
On-chip integration of YIG-based materials has been challenging because they cannot be grown heteroepitaxially on classical semiconductor substrates. This is because of the large thermal budget required for garnet growth as well as lattice and thermal expansion coefficient mismatch between garnets and common semiconductors. YIG and Ce:YIG films have complex cubic unit cells with lattice parameters (YIG: 12.376 Å) much larger than those of Si (a = 5.431 Å), GaAs (a = 5.6533 Å), and InP (a = 5.8696 Å). 12−14 The coefficient of thermal expansion (CTE) for garnet films is much larger than that for most semiconductors as well (YIG: 10.4 × 10
, Si: 3 × 10
, and GaAs and InP: 5 × 10
). 15 Because of the large CTE mismatch, a low growth temperature is desired in order to prevent garnet film cracking. A reduced thermal budget is also critical to on-chip device integration. YIG and substituted garnet films have been integrated on photonic substrates using wafer bonding, 9 metal−organic chemical vapor deposition (MOCVD), 16 sputtering, 17−26 and pulsed-laser deposition (PLD). 3−7,27−30 Wafer bonding capitalizes on the excellent MO properties of single-crystal bulk garnet; nevertheless, this hybrid integration approach adds to processing complexity. The other methods allow monolithic integration of garnets on semiconductors, although the resulting films suffer from reduced MO FOM compared to bulk garnet. A two-step PLD process was demonstrated in which a thin YIG buffer layer was grown then crystallized by rapid thermal annealing (RTA) for 5 min, serving as a seed layer for subsequent growth of polycrystalline Ce:YIG on Si and silica. 4, 6 On silicon nitride, slow growth of the YIG seed layer improved the magnetic properties and Faraday rotation of Ce:YIG grown on top of it. 7 Films have also been produced by sputtering using a similar two-step process in which a YIG layer was grown, annealed, and used as a seed layer for Ce:YIG or Bi:YIG growth. 25 In this work, we demonstrate a PLD method for making Ce:YIG films on a variety of substrates in which a YIG layer acts as an in situ seed layer for Ce:YIG during the crystallization of both YIG and Ce:YIG. Layers of both YIG and Ce:YIG are deposited in one step followed by an anneal. Crystallization of the Ce:YIG during RTA is facilitated by YIG layer(s) on top of or at the bottom of the stack. This simplifies the process flow because only one deposition step is required instead of two and leads to films with good magnetic and MO properties. The finding that a YIG overlayer can promote Ce:YIG crystallization as well as a conventional YIG underlayer enables Ce:YIG to be grown directly on a waveguide, maximizing its interaction with the guided light without the spacing loss caused by a weakly magnetooptical YIG underlayer. The one-step deposited garnet films grown on silicon have very high optical and MO quality. A resonator isolator device is used as a test vehicle to demonstrate the optical properties of the garnet. This growth method is applicable to other nonreciprocal integrated photonic devices.
Ce:YIG and YIG films with layer structures consisting of YIG 30 nm/Ce:YIG 60 nm/substrate and Ce:YIG 60 nm/YIG 30 nm/substrate (with a total thickness of 90 nm) and trilayers YIG 30 nm/Ce:YIG 140 nm/YIG 30 nm and Ce:YIG 70 nm/ YIG 60 nm/Ce:YIG 70 nm (with a total thickness of 200 nm) were deposited on (001) silicon (Si) and Z-cut (0001) quartz (Qz) using PLD, followed by annealing. Identical layer sequences were also grown on (100) GGG substrates as references. Figure 1 shows the XRD diffraction data for the bilayers and trilayers after RTA 21 at 800°C for 5 min. The YIG (400) peak exhibits the highest intensity in all samples on Si and Qz as shown in Figure 1a ,b, which indicates that the film has a preferred (100) texture based on that of the Powder Diffraction File, in which (420) has the highest intensity. In contrast, the XRD results for the films grown on GGG after RTA are shown in Figure 1c , indicating an epitaxial single-crystal film for all layer sequences with no secondary phases. Garnet films grown and crystallized on Si and quartz are polycrystalline because there is no epitaxial relationship with the substrate. As a result, YIG (420) and (422) peaks are observed in addition to the major YIG (400) peak in Figure 1a ,b. However, the garnet films on GGG (100) are lattice-matched and single-crystal, and the diffraction pattern shows YIG (h00) peaks near the GGG (h00) substrate peaks.
The out-of-plane (OP) lattice constant of the films was 12.39 Å, similar to that reported for YIG films (12.38 Å). 4 The weak peak at 33.1 ± 0.05°for films on Si and Qz was attributed to hematite, α-Fe 2 O 3 , 6 an antiferromagnet. The AFM surface morphology of the bilayer films on Si is shown in Figure 1d ,e. For the YIG/Ce:YIG/Si, the grain size at the top surface was up to 5 μm, and the grains showed a radiating pattern, whereas in Ce:YIG/YIG/Si, dense topographic features up to ∼50 nm across were visible. In comparison, Ce:YIG films grown on a YIG seed layer on Si 3 N 4 using the two-step deposition process also showed grains with a radiating pattern at least a few micrometers across, 7 and large grains have also been seen in single-layer YIG grown on other substrates such as diamond (unpublished). Growing a Ce:YIG film and annealing under the same conditions did not yield garnet-structured films on nongarnet substrates. Prior work also showed that in the absence of the YIG layer crystallization of the Ce:YIG layer is impeded. 4,6,23−25 The present results extend this result to show that the templating effect of YIG on Ce:YIG growth exists even if both layers are simultaneously crystallized. YIG is assumed to crystallize first, providing a large-grained layer that promotes crystallization of Ce:YIG, even if YIG is placed on top of the Ce:YIG.
Magnetic properties of Ce:YIG films were measured with magnetic fields applied in-plane (IP) with the film or perpendicular to the film plane (out-of-plane, OP) at room temperature using a vibrating sample magnetometer (VSM). The hysteresis loops at room temperature are given in Figure  3a , as shown in Figure 3f , which is higher than the unannealed values (Figure 3e ). These results are consistent with the samples being primarily garnet phase without significant magnetite or maghemite spinel phases. The IP coercivity, H c , of annealed single-crystal multilayer films on GGG was <10 Oe, and it was below 100 Oe for films on Si and quartz. In Figure 3f , the slope in the tail of the YIG/Ce:YIG/ GGG loop is due to noise from the substrate, which has a strong paramagnetic signal.
The bulk saturation magnetization at room temperature of YIG is about 140 emu cm −3 , 31 and for Ce:YIG, it is 118 emu cm −3 , slightly higher than that of the films made in this study.
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The seed layer deposition conditions, in particular deposition rate 7 as well as the annealing temperature 26 have an important effect on the magnetic properties, for example, via their effect on oxygen content and cation ratios. Growth parameters were not explored in detail in the present study, and it is expected that the M s could be increased by further optimization to be closer to bulk values.
The films all have high remanence IP with an OP hard axis, but the magnitude of the net anisotropy differs between the films grown on different substrates. The net anisotropy can be estimated from the hard axis (i.e., the OP) saturation field, H K , which was 1400 Oe for films on Si and 3500 Oe for films on Qz. The anisotropy, K tot , consists of the sum of shape anisotropy (producing H K = 4πM s , in cgs units), magnetocrystalline, and magnetoelastic contributions. For YIG, the shape anisotropy of 1.2 × 10 5 erg cm −3 is the dominant factor leading to H K = 1760 Oe in unstrained polycrystalline YIG films with bulk M s . The room-temperature magnetocrystalline anisotropy is small (∼10 4 erg cm . 33 The magnetocrystalline anisotropy of Ce:YIG is not well-known, but will be neglected here because the polycrystallinity of the Ce:YIG layers resulting from the random orientations of the Ce:YIG grains averages out the net magnetocrystalline anisotropy of the 35 suggesting that the x = 1 composition used here should have a positive magnetostriction. If we extrapolate from ref 35, then we obtain λ 100 ≈ +10 × 10 −6 at x = 1, which is smaller than the value of extrapolation from ref 34 . Considering that the Ce:YIG occupies only about half the volume of the film the effective magnetostriction of the film will be reduced from this value but is still expected to be positive. An estimate of the magnetoelastic anisotropy is ( 3 / 2 )λ 100 Eε z , where ε z is the OP strain and E is Young's modulus, 200 GPa. 36 The IP thermal mismatch strain ε x = −ε z /2 is determined by the product of the difference in thermal expansion coefficients and the temperature change. Garnet films on Si will experience tensile strain after cooling from 800°C, with ε x ≈ 6 × 10 −3 (neglecting temperature dependence of the thermal expansion coefficients), whereas for films on crystalline quartz with an IP thermal expansion coefficient of 13.7 × 10 −6 , the films will experience compressive strain, 37,38 ε x ≈ −3 × 10 . These thermal mismatch strains, combined with the positive magnetostriction, would suggest that the films on Qz would be easier to magnetize in the OP direction than those on Si, but the OP saturation field, H K , was higher for the films on Qz not lower. This suggests that the thermal mismatch may not be the only source of strain in the films, i.e., the films were not fully relaxed at the annealing temperature as strain developed during the crystallization process. It is also possible that the extrapolated magnetostriction parameters are not accurate for this composition. To quantify the MO behavior of the films in an integrated device, we fabricated integrated optical isolator devices by depositing YIG (top layer, 30 nm) on CeYIG (bottom layer, 60 nm) films on top of silicon-on-insulator racetrack resonators. The resonator device serves as a test vehicle to validate the MO material and waveguide performance, which are otherwise difficult to measure. The film growth process can be readily transferred to other isolator designs such as Mach−Zehnder interferometers, which are capable of broadband operation.
39−41 Figure 4a shows a tilted-view SEM micrograph of the silicon-on-insulator waveguide and a top view of the isolator, which consists of a racetrack resonator adjacent to a waveguide. 4 The Q factor of the resonator without garnet was ∼3. 4 × 10 4 , and the free spectral range was ∼0.82 nm. These values are similar to those in ref 4. Prior to MO film deposition, the waveguide was coated with a 1 μm thick SiO 2 cladding, and a window was subsequently opened in the cladding layer via wet etching. Therefore, only the waveguide section in the window region is in direct contact with the MO film and is magneto-optically active. The total length of the racetrack resonator was 682 μm, and the oxide window was 200 μm in length. Details of the fabrication process are described in ref 24. Figure 4b ,c plots the transmission spectra of quasi-transverse magnetic (TM) and quasi-transverse electric (TE) modes through the isolator, respectively, measured for positive and negative magnetic fields applied IP perpendicular to the garnet-clad section of the resonator. A resonant peak shift caused by nonreciprocal phase shift (NRPS) in the waveguide is clearly visible for the TM mode, whereas the TE mode exhibits negligible resonant peak shift, consistent with our magnetic field configuration. The device insertion loss is estimated to be 7.4 ± 1.8 dB, and the isolation ratio is 13 ± 2.2 dB according to the definition given in ref 4 . The Faraday rotation of the Ce:YIG film was estimated to be 1100°cm −1 using perturbation theory. 4 The resonant wavelengths obtained from the measurements are plotted in Figure 4d ,e. The average peak shift from four separate measurements is 9.6 ± 4.1 pm for the TM mode and 1.7 ± 0.4 pm for the TE mode. The small drift over repeated measurements at room temperature is likely a result of temperature change (Experimental Methods). Figure 4f plots the wavelength dependence of the nonreciprocal resonance shift.
To benchmark the performance of our device, we simulated the insertion losses of ideal isolator devices that are based on microring resonator and Mach−Zehnder interferometer (MZI) geometries, respectively, using procedures detailed in the Supporting Information. We choose insertion loss rather than isolation ratio as the performance benchmark here because it is directly correlated with the MO FOM of the nonreciprocal device, defined as
where Δβ denotes the nonreciprocal phase shift (NRPS), i.e., the propagation constant difference of forward and backward propagating modes in the waveguide, and α gives the waveguide loss. In contrast, isolation ratio is not an intrinsic parameter reflecting the MO FOM of the isolator devices because it can be maximized by approaching the critical coupling condition in microrings or by tuning the power-splitting ratio in two interferometer arms in the case of MZI.
The simulated insertion losses are plotted in Figure 4g as solid lines, and the points denote the device insertion loss demonstrated in this paper as well as values quoted from the literature. 4, 11, 39 The significant improvement of our device performance compared to that of our earlier results is mainly attributed to reduced garnet material loss, and we anticipate that material processing improvement will further enhance the MO characteristics of deposited Ce:YIG films.
In conclusion, polycrystalline MO two-and three-layer garnet films were grown on Si and quartz substrates using a single-step PLD method in which Ce:YIG/YIG bilayers and trilayers were grown and then annealed. We found that YIG layers grown either above or below the Ce:YIG serve as effective seed layers to promote crystallization of the MO Ce:YIG layers. This avoids the need for a YIG layer between the waveguide and the Ce:YIG. Growth of the Ce:YIG directly in contact with the waveguide increases optical coupling into the Ce:YIG. The top-down crystallization of the Ce:YIG provides enhanced design options for nonreciprocal optical devices and may be applicable in other materials systems where a seed layer is needed to ensure correct phase formation in a functional layer. The films were compared to single-crystal films grown on GGG substrates and had similar magnetization. An integrated resonator optical isolator was fabricated on a Si waveguide and showed an insertion loss of 7.4 ± 1.8 dB and an isolation ratio of 13.0 ± 2.2 dB at 1564.4 nm wavelength, which represents significant performance improvement over previously demonstrated monolithic on-chip isolators. . The substrate temperature was held at 650°C throughout the deposition. The distance between the substrate and the targets was 6 cm. The chamber was pumped to 5 × 10 −6 Torr base pressure for PLD. During PLD for YIG and Ce:YIG growth, the oxygen pressure was maintained at 25 mTorr. After deposition, the samples were kept at 650°C for 15 min at 500 Torr oxygen pressure and then cooled to 200°C at a ramping rate of 5°C min −1 under 500 Torr oxygen pressure. The films were subsequently subjected to RTA (Modular Process Tech, RTP-600S) at 800°C for 5 min.
Materials Characterization. Phase identification and texture analysis were carried out using X-ray diffraction. Conventional θ−2ω Bragg diffraction data were collected on a PANalytical X'pert Pro MPD diffractometer. The thickness was measured by surface profilometry on a KLA-Tencor P-16+ stylus profiler with a measurement error of less than 5%. Samples for TEM were prepared using focused ion beam (FEI-600) and then imaged on a JEOL 2010F field-emission TEM at 200 kV acceleration voltage. The element distribution in the sample was mapped by STEM EDX. Magnetic properties were characterized at room temperature by VSM using an ADE Technologies VSM Model 1660.
Device Fabrication and Testing. The optical isolator fabrication process is described in ref 24. The deposition parameters for YIG (30 nm)/CeYIG (60 nm) films on the optical isolator is same as that of the YIG (30 nm)/CeYIG (60 nm)/Si film. (The film was deposited in the same run along with the TEM sample shown in Figure 2a .) After RTA, transmission spectra of the optical isolator was analyzed on a Newport Auto Align workstation coupled with an optical vector analyzer (LUNA Technologies OVA-5000). Near-infrared laser light was coupled in and out of the chip through tapered lenstip fibers. During the measurement, a permanent magnet was placed by the side of sample to produce ∼1000 Oe magnetic field IP and perpendicular to the racetrack waveguide section in the window region. Optical isolation performance of the device was tested by reversing the magnetic field direction while maintaining the same light propagation direction, which is equivalent to reversing the light propagation direction. To mitigate the effect of temperature fluctuations, which can lead to spurious resonance shift, the transmission measurement was repeated multiple times with the magnetic field directions reversed. The interval between each measurement is about 2 min. The temperature-dependent wavelength shift (TDWS) of the nonreciprocal resonator is about 57 pm/K. Our measurement setup temperature stability is ±0.1 K. Consequently, we anticipate approximately ±0.006 nm drift in the measured resonant wavelengths, which is consistent with the data shown in 
